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Coherent elastic neutrino scattering on the 40Ar nucleus is computed with coupled-cluster theory
based on nuclear Hamiltonians inspired by effective field theories of quantum chromodynamics. Our
approach is validated by calculating the charge form factor and comparing it to data from electron
scattering. We make predictions for the weak form factor, the neutron radius, and the neutron
skin, and estimate systematic uncertainties. The neutron-skin thickness of 40Ar is consistent with
results from density functional theory. Precision measurements from coherent elastic neutrino-
nucleus scattering could potentially be used to extract these observables and help to constrain
nuclear models.
Introduction.–Fundamental properties of atomic nu-
clei, such as the distribution of the protons within the
nucleus, are well determined from electron scattering ex-
periments. In contrast, the distribution of the neutrons
within the atomic nucleus, an equally important and fun-
damental property, is not as well known because it is
difficult to measure. Parity violating electron scattering
experiments [1–3] offer the least model dependent ap-
proach to experimentally probing the neutron distribu-
tion. Other processes occurring through neutral current
weak interactions, i.e., by the exchange of a Z0 boson,
may offer an alternative and attractive opportunity in the
future. A prominent example is coherent elastic neutrino-
nucleus scattering (CEνNS), a process which is sensitive
to the neutron distribution and the neutron radius [4–
6]. Even though neutrinos are notoriously elusive par-
ticles, the COHERENT collaboration recently observed,
for the first time, CEνNS from a sodium-doped CsI detec-
tor [7]. The experiment used stopped-pion neutrinos [8]
from the Spallation Neutron Source at Oak Ridge Na-
tional Laboratory, and discovered CEνNS at a 6.7σ confi-
dence level with neutrinos coming from: delayed electron
neutrinos, muon anti-neutrinos, and prompt muon neu-
trinos. The next stage of the COHERENT experiment
is to switch to a ∼ 1 ton target of liquid argon. Liquid
argon will also be used in the future long-baseline neu-
trino experiment DUNE [9], which is aimed at extracting
neutrino parameters from the observation of their oscilla-
tions. In addition, liquid argon is being used for a num-
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ber of dark matter experiments (DEAP-3600 [10], Dark-
Side [11], ArDM [12], MiniCLEAN [13]), for which co-
herent neutrino scattering is important to determine the
so-called neutrino floor. Studying the properties of the
40Ar nucleus, the most abundant argon isotope compos-
ing the above mentioned detectors, is thus an important
task for nuclear theory.
In the past decade we have seen an impressive progress
in the theoretical and computational tools that underpin
our understanding of the nucleus as a compound object
of interacting protons and neutrons. A number of ab
initio calculations of nuclear electroweak properties that
start from interactions and currents obtained from chi-
ral effective field theory have successfully described key
observables, see, e.g., [14–18]. The level of accuracy and
confidence reached by ab initio calculations in light- and
medium-mass nuclei, along with the ability to access in-
creasing mass numbers, allows us to address open ques-
tions in neutrino physics. This makes a first principles
investigation of the 40Ar nucleus both urgent and timely.
For instance, neutrino elastic scattering has been dis-
cussed as a way to access the neutron-skin thickness [6],
thus making it interesting to compute this quantity in
40Ar. The neutron-skin thickness impacts the equation
of state of infinite-nuclear matter and has astrophysical
implications [19].
In this Letter we compute the nuclear weak form fac-
tor and the neutron-skin thickness with coupled-cluster
theory from first principles, and provide theoretical pre-
dictions that may eventually be probed experimentally.
Coherent scattering.– Coherent elastic neutrino-
nucleus scattering occurs in the regime qR  1. Here
q = |q| is the absolute value of the three-momentum
transfer from the neutrino to the nucleus, and R is the
weak nuclear radius. In this regime, the neutrino scat-
ters coherently from the constituents of the nucleus, i.e.,
Z protons and N neutrons. The CEνNS cross section is
dσ
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2Here GF is the Fermi constant, M is the mass of the
nucleus, Eν is the energy of the neutrino beam, and T
is the nuclear recoil energy. The weak charge QW and
weak form factor FW (q
2) are defined as
QW = N − (1− 4 sin2 θW )Z , (2)
FW (q
2) =
1
QW
[
NFn(q
2)− (1− 4 sin2 θW )ZFp(q2)
]
,
respectively. Here θW is the Weinberg weak mixing
angle, and Fn,p(q
2) is the proton (p) and neutron (n)
form factor, respectively. Using the low-energy value
of θW [20] from the Particle Data Group, one obtains
1− 4 sin2 θW (0) = 0.0457± 0.0002. Thus, the weak form
factor becomes FW (q
2) ' Fn(q2), and CEνNS is mainly
sensitive to the distribution of neutrons within the nu-
cleus. The resulting cross section scales as N2. In this
paper we will consider low-q ranges and investigate effects
due to the nuclear structure. For 40Ar, the coherence con-
dition limits q . 50 MeV/c, but we are also interested in
exploring the form factors as ground-state observables in
a wider momentum range.
Method.– Our computations are based on coupled clus-
ter theory [21–29], where one solves the Schro¨dinger
equation
HN |Φ0〉 = E|Φ0〉 (3)
based on the reference state |Φ0〉 of a closed-shell nucleus.
The similarity transformed Hamiltonian is
HN = e
−THNeT . (4)
The Hamiltonian HN is normal-ordered with respect to
the reference state. The operator T = T1 + T2 + T3 + . . .
is expanded in particle-hole excitations with respect to
the reference and is truncated at some low-rank particle-
hole excitation level. Following Ref. [30], we will denote
coupled-cluster singles and doubles calculations (where
T = T1 + T2) with “D”, while calculations that include
linearized triples will be labeled with “T-1”; we refer the
reader to that paper and the review [29] for details on
the accuracy of various coupled-cluster approximations
in nuclei.
The open-shell nucleus 40Ar has Z = 18 protons and
N = 22 neutrons. We calculate its ground state us-
ing a double-charge-exchange equation-of-motion tech-
nique [31] starting from the closed-shell nucleus 40Ca.
This technique is a generalization of single-charge ex-
change, used previously to describe the daughter nu-
clei resulting from β-decays of closed-shell nuclei such
as 14C [32] and 100Sn [17]. The double-charge-exchange
operator
R =
1
4
∑
p,p′,n,n′
rnn
′
pp′ nˆ
†nˆ′
†
pˆ′pˆ
+
1
36
∑
N,N ′,p,p′,n,n′
rNnn
′
N ′pp′ nˆ
†nˆ′
†
Nˆ†Nˆ ′pˆ′pˆ (5)
generates the ground-state of 40Ar as an excitation of the
40Ca. Here, pˆ, nˆ, and Nˆ annihilate a proton, neutron,
and nucleon, respectively. The excitation amplitudes
rnn
′
pp′ and r
Nnn′
N ′pp′ are solutions of the eigenvalue problem
HNR = ER, and the lowest eigenvalue E is the ground-
state energy of 40Ar. Likewise, we define a left excitation
operator L and also solve LHN = EL (because HN is
not Hermitian). This allows us to evaluate ground-state
expectation values (such as the density) of operators Oˆ
as 〈L|O|R〉. Here, O is the similarity transform of the
operator Oˆ.
The computations shown in this work are based on a
model space that includes 15 major shells (unless oth-
erwise specified) and an harmonic oscillator parameter
}Ω = 16 MeV. When we include leading triples T-1, we
use an energy truncation E3max cut at 18 oscillator spac-
ings, where we reach a sub-percentage convergence of the
form factors in the considered momentum range.
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FIG. 1. Panel (a): 40Ar charge form factor computed with the
NNLOsat interaction at two different levels of correlations (D
and T-1), compared to experimental data (exp) by Ottermann
et al. [33]. Panel (b): 40Ar charge form factor computed with
various different interactions at the T-1 level, also compared
to the experimental data. See text for more details.
Interactions.– We employ Hamiltonians from chiral ef-
fective field theories (χ-EFT) of quantum chromodynam-
ics (QCD) [34–36]. In this framework, Hamiltonians are
3expressed in terms of nucleons and pions and are con-
sistent with the symmetries and broken chiral symme-
try of QCD. They are expanded in powers of (Q/Λχ)
ν ,
where Q is the low-momentum scale characterizing nu-
clear physics, and Λχ ∼ 1 GeV is the QCD scale. The
coefficients of the Hamiltonian expansion are low-energy
constants (LECs); they encapsulate the unresolved short-
range physics and are typically calibrated by adjusting
theoretical results to experimental data. The accuracy of
a calculation is controlled by the order ν of the employed
dynamical ingredients and by the accuracy to which one
can solve the many-body problem. In this work we im-
plement Hamiltonians derived at next-to-next-to-leading
order or higher (ν = 3 or 4). To probe the systematic un-
certainties, we employ various chiral potentials. In par-
ticular, we use the NNLOsat interaction [37], for which
the LECs entering the two-body and three-body forces
are adjusted to nucleon-nucleon phase shifts and to en-
ergies and charge radii of light nuclei. We also use the
∆NNLOGO(450) potential [38], a delta-full χ-EFT inter-
action at next-to-next-to-leading order [39], which was
adjusted to light nuclei, and the saturation point and
symmetry energy of nuclear matter. Finally, we employ
selected soft potentials obtained by performing a simi-
larity renormalization group transformation [40] of the
two-body chiral potential by Entem and Machleidt [41],
with leading-order three-nucleon forces from χ-EFT ad-
justed to the binding energy of 3H and the charge radius
of 4He [42, 43]. For these interactions we follow the no-
tation of Ref. [43], namely 1.8/2.0, 2.0/2.0, 2.2/2.0 (EM)
and 2.0/2.0 (PWA), where the first (second) number in-
dicates the cutoff of the two-body (three-body) force in
fm−1, and EM indicates that the pion-nucleon LECs en-
tering the three-nucleon force are taken from the En-
tem and Machleidt potential [41], while in PWA they are
taken from partial wave analysis data. For electroweak
operators we take the one-body terms, as two-body cur-
rents are expected to be negligible [44, 45], especially so
at the low momenta of CEνNS.
Results. – Figure 1 shows our results for the 40Ar
charge form factor Fch as a function of q, and com-
pares them to electron-scattering data from Ottermann
et al. [33]. This comparison validates the theory. Panel
(a) shows results from the NNLOsat interaction for dif-
ferent correlation levels of the coupled-cluster expansion.
We see that increasing the correlations from D to T-1
changes the form factor only slightly, and the results are
sufficiently well converged. This is consistent with re-
sults from previous studies [30, 48], where triples corre-
lations only affected the radii below 1%. Panel (b) shows
calculations of the charge form factor at the T-1 level
for different interactions. As representative examples
we chose the 2.0/2.0 (EM), 2.0/2.0 (PWA), and 2.2/2.0
(EM) potentials. The form factors exhibit a dependence
on the choice of the Hamiltonian, particularly at larger
momentum transfers. The interaction ∆NNLOGO(450),
10 20 30 40 50
 E [MeV]
10-41
10-40
10-39
σ
 
[cm
2 ]
0 0.5 1 1.5 2 2.5
 q  [fm-1]
10-4
10-2
100
|F W
|
NNLO
sat
∆NNLOGO(450)
(EM)-(PWA)
0 20 40 60 80 100
 q  [MeV]
0.5
0.6
0.7
0.8
0.9
1
|F W
|
(a)
(b)
FIG. 2. Panel (a): 40Ar weak form factor computed with dif-
ferent Hamiltonians. The EM-family interactions are shown
as a band. Panel (b): CEνNS as a function of the neutrino en-
ergy, computed with same three different Hamiltonians. The
inset shows the form factor zoomed into the low-q region rel-
evant to coherent scattering, in linear scale.
derived in a delta-full chiral framework, provides a qual-
itatively similar description of the experimental data as
the NNLOsat, noting that the former interaction repro-
duces the first minimum of |Fch| more precisely. We re-
mind the reader that – within the Helm model [49] –
the first zero of the form factor is proportional to the in-
verse radius of the charge distribution. Among the family
of EM potentials, the 2.2/2.0 (EM) interactions predicts
the first zero at higher q, consistent with a smaller charge
radius. Overall, one should trust the Hamiltonians only
for momentum transfers up to about q = 2.0 fm−1, which
marks the scale of the employed ultraviolet cutoffs.
Figure 2(a) shows the 40Ar weak form factor FW of
Eq. (2) as a function of the momentum transfer q, cal-
culated in the T-1 scheme. Here, we show the soft inter-
actions with a band that encompasses the three different
potentials, labeled with (EM)-(PWA). The weak form
factor exhibits a mild dependence on the choice of the
Hamiltonian. The band spanned by the from factors of
the EM interactions exhibits a first dip at a larger q value
than the potentials NNLOsat and the ∆NNLOGO(450),
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FIG. 3. Correlation between Rp and Rn (a) and between Rp and Rskin (b) for various Hamiltonians. The experimental Rp is
also shown by the horizontal green line [46], as well as the DFT data [47] by the diamonds.
which are very similar. Our results are consistent with
a Helm form factor parameterized by a box radius of
3.83 fm and a surface thickness of 0.9 fm [6]. We also
note that our ab initio results for the weak form factor
agree with calculations from density functional theory [5].
Let us consider the CEνNS cross section. Figure 2(b)
shows the cross section calculated from Eq. (1) via q2 =√
2EνMT/(Eν − T ) ≈
√
2MT , as a function of the neu-
trino beam energy, for three different interactions. The
results are virtually independent of the employed poten-
tial, because only the low-momentum part of the weak
form factor contributes to the cross section. The inset
of Fig. 2(b) shows the weak form factor for momentum
transfers relevant to the coherent elastic neutrino-nucleus
scattering. Even on the shown linear scale, one observes
only a mild nuclear-structure dependence. For exam-
ple, at q = 50 and 100 MeV, FW has a 2% and 6%
spread, respectively. Consequently, CEνNS is required
to reach a high precision in order to probe differences in
nuclear Hamiltonians. We remind the reader that the
CEνNS signal scales with N2, possibly making heavier
nuclei such as caesium or iodine more attractive detector
materials for this purpose than 40Ar.
Overall, the weak form factor has a very similar shape
to the charge form factor. For the NNLOsat interaction,
at q = 0.25 fm−1 (1 fm−1) FW is 0.5% (20%) smaller
than Fch, while the first dip of FW falls about 0.035 fm
−1
earlier than that of Fch, meaning the neutron distribution
extends further out from that of the protons.
We now turn to the computation of the point-proton
Rp and point-neutron Rn radii for
40Ar, as well as its
neutron-skin thickness, defined as Rskin = Rn − Rp.
Figure 3 shows the results obtained with T-1 coupled-
cluster calculations for six different potentials. We em-
ploy the five previous ones and one other member of
the EM-interaction family [43], namely the 1.8/2.0 (EM)
interaction. The uncertainties of Rp and Rn are the
difference between a T-1 and a D coupled-cluster the-
ory calculation, and we take the maximum of the two
values as the uncertainty for both. Our model space
consists of 15 oscillator shells, except for the softest
1.8/2.0 (EM), which was already converged in 11 shells.
As expected, uncertainties are larger for the harder in-
teractions NNLOsat and ∆NNLOGO(450).
As previously reported for 48Ca [50], Fig. 3(a) also
shows a strong correlation between Rp and Rn. The
spread of the radii due to the variation of the employed
Hamiltonians is about 10%. As in Ref. [50], a narrower
constraint can be provided by intersecting the correlation
band – obtained by linearly joining all our calculations
with a symmetric spread (in purple) given by the max-
imum uncertainty bar – with the experimental value on
Rp taken from [46]. This yields 3.36 ≤ Rn ≤ 3.45 fm.
Results from density functional theory [5, 47] are shown
as the diamonds in Fig. 3(a). These are all clustered
around our constraint for Rn. Within uncertainties, our
charge radius is also consistent with the recent ab initio
computations of Ref. [18].
Results for the neutron skin are shown in Fig. 3(b).
Because the neutron and proton radii are strongly corre-
lated, the variation in Rskin is much reduced. The uncer-
tainty of Rskin is the difference between the T-1 and D
coupled-cluster computations. We predict the neutron-
skin thickness of 40Ar in the range 0.035−0.09 fm. The
results from density functional theory [5, 47] are again
shown as diamonds. While consistent with the ab ini-
tio computation, we see that density functional theory
predicts a slightly larger neutron-skin thickness.
Summary.– We performed calculations of the 40Ar
charge and weak form factors and observed a dependence
on the choice of the employed Hamiltonian, which is mild
at low-q and moderate in the region of the first diffrac-
5tion minimum. From the weak form factor, we calculated
the coherent elastic neutrino-nucleus scattering and ob-
served that the Hamiltonian dependence is probably too
small to be disentangled by the COHERENT experiment.
On the other hand, we also provide predictions for the
neutron-, proton-, and neutron-skin thickness by exploit-
ing the correlations of coupled-cluster computations with
various Hamiltonians with the experimental value of Rp.
The computed Rn and Rskin of
40Ar are consistent with
results from density functional theory, and CEνNS with
much improved precision could help to constrain Hamil-
tonians from χ-EFT.
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